1. Introduction {#sec0005}
===============

In recent years, one approach in neurorehabilitation has drawn attention. It utilizes motor imagery ([@ref014]; [@ref023]; [@ref044]) and vibratory stimulation ([@ref010]; [@ref025]; [@ref030]) as facilitatory stimuli for kinesthetic reacquisition. It has been suggested that it is effective to utilize sensorimotor-information-induced motor illusions ([@ref019]) created by vibratory stimulation for motion control and proficiency. In particular, motor illusion in the limbs is considerably useful for motor learning and reorganization of the motor control system ([@ref018]). A motor illusion is an illusion generated in the brain by applying vibratory stimulation over the skin to the muscle tendons. It provides the sensation of the limbs moving without performing voluntary movements and is created by a vibratory stimulus activating the Ia afferent sensory fibers ([@ref005]; [@ref021]; [@ref046]) and II afferent sensory fibers ([@ref004]) via the muscle spindles.

Previous studies on the influence of motor illusions on brain function have elucidated the involvement of areas of brain neural activity using various brain function imaging techniques. [@ref006]) used magnetoencephalography (MEG) and reported that the primary sensorimotor area (MI-SI), which includes the primary motor cortex (MI) and primary somatosensory cortex (SI), somatosensory association cortex, supplementary motor area (SMA), and others are active during motor illusion induction by vibratory stimulation. Moreover, Naito, Ehrsson, Geyer, Zilles, and Roland. (1999) investigated the brain areas that were active while participants were experiencing a motor illusion using fMRI, and reported the involvement of the MI. [@ref034] reported that there are cells in the MI that send excitatory signals to contract the vibrated muscles via spinal motor neurons. Furthermore, they also indicated that some percentage of these cells receive afferent sensory signals, which result from the stretching of antagonist muscles. They proposed that the cells of the target muscles in the MI receive sensory signals both from the muscle spindles in the stimulated muscles and from the antagonist muscles, and thus these signals are related to the kinesthetic illusion by increasing the excitability of those cells. Furthermore, [@ref016] reported that, when a motor illusion was induced in the direction of extension by applying vibratory stimulation to the wrist flexor tendons and the participants were asked to perform motor imagery in the same direction as the motion, the motor illusion was enhanced, thereby increasing its maximum angle; in contrast, the motor illusion was inhibited when they were asked to perform motor imagery in the direction of flexion. These results suggest that there is interaction between motor illusions and motor imagery. It is, therefore, believed that there is an overlap between the body schema in motor imagery and the body schema in motor illusions ([@ref035]), and it is assumed that common areas in the brain are used for processing both. However, the association between the processes that take place in the brain when motor imagery and motor illusions are induced remains unclear. Daprati, Sirigu, and Nico. (2010) stated that motor imagery begins consciously or voluntarily in the brain in the same manner as motor execution, and defined it as the simulation of the motor commands that initiate motor execution. In contrast, it has been reported that a motor illusion holds no intention of motion in itself and that it is induced by the generation of latent motor commands, which are generated as if those movements were being executed as a result of the motor-related areas processing afferent kinesthetic information ([@ref001]). Because of these processing differences, the association between the brain neural activity that leads to the manifestation of a motor illusion in the brain induced by exogenous stimuli (bottom-up processing) and the motor imagery ability endogenously generated (top-down processing) remains unclear. It has been suggested that if there is an association between the ability to imagine a movement and the brain neural activity that induces motor illusions, a more vivid physical movement schema or sense of agency may be established in the brain by providing motor imagery intentionally and synchronously during the motor illusion induction process ([@ref027]).

Therefore, in this study, we examined the brain activity leading to the induction of motor illusions caused by vibratory stimulation using electroencephalography (EEG). We performed microstate segmentation method ([@ref029]), which is used to identify the microstate of brain function via standardized low-resolution brain electromagnetic tomography (sLORETA) ([@ref042]; Pascua-Marqui, 2002), which is a three-dimensional imaging display method for neural activity in the brain. The purpose was to examine the association between neural activity in the areas active during motor illusion induction and the ability to generate motor imagery. If a relation is established, it may aid in creating a new approach to neurorehabilitation that enables a more robust reorganization of the neural base for patients with brain dysfunction with a motor function disorder by applying an approach that combines the bottom-up process induced by motor illusions and the top-down process induced by motor imagery.

2. Participants and method {#sec0010}
==========================

The participants were recruited by advertisements and comprised 20 healthy men with no movement or sensory disorders. Prior to measurement, we conducted a medical interview and physical evaluations (e.g., sensory testing), and we confirmed that all participants were free from orthopedic diseases, neurological diseases, movement disorders, and sensory disorders. Moreover, all participants had not previously experienced a motor illusion induced by vibratory stimulation. We confirmed that the dominant hand was the right hand in all participants based on the Edinburgh Inventory ([@ref040]). In accordance with the Declaration of Helsinki, we explained, in writing and orally, the details of the study, and obtained the participants' signatures of consent in writing. This study was approved by the Ethics Committee of Kyoto Tachibana University.

2.1. Measurement task conditions {#sec0015}
--------------------------------

The participant was seated in a chair in a room designed for EEG experiments and wore earplugs. The lights in the room were turned off during EEG signal acquisition. The participants were instructed to abstain from consuming coffee, alcohol, or tobacco from the night before the measurement. A relaxing resting state was created, in which the subject placed the plantar surface of the lower limbs on the floor, and the forearm of the left upper limb (the upper limb which was not measured) on an armrest while assuming a reclined seated position. This was performed since application of vibratory stimulation to the tendons of unrelaxed limbs readily leads to a tonic vibration reflex ([@ref010]) constituting the induction of a motor illusion less likely to happen. Three task conditions of (1) vibratory stimulation, (2) sensory stimulation, and (3) button pressing were set, and brain neural activity was captured by EEG. (1)Vibratory stimulation condition (hereinafter VS): A hand massager for home use (THRIVE MD-01, Thrive Co., Ltd., Osaka, Japan) was used for vibratory stimulation. The extension of the right elbow joint was chosen as the target movement to generate the illusion of motion. We, therefore, applied vibration (the direction of vibration was horizontal and the pressure was 6 N) to the right brachial biceps tendon in a state of bending the elbow joint 30°. With respect to the vibratory stimulation frequency, although the device used could apply stimulation at 91.7 Hz and 108.3 Hz, we used 91.7 Hz as previous studies have suggested that motor illusions are more readily generated at frequencies of 70 to 100 Hz ([@ref030]; [@ref005]; [@ref034]; [@ref045]). When applying stimulation, the measurer tightly grasped the forearm at the position of elbow flexion of 30° and inhibited joint movement to prevent flexion of the elbow joint caused by muscle contraction of the right biceps brachii. Furthermore, the participants were asked to keep their eyes closed during the application of the vibratory stimuli, as the visual perception of an upper limb that is actually not moving leads to a diminished motor illusion ([@ref021]). Stimulation was applied a total of 10 times. The time range for one stimulus was set at 10 s as previous studies have reported that a motor illusion of the flexing movement of the elbow joint appeared between 1.2 s and 8.2 s in healthy participants ([@ref011]). Within the time range, vibratory stimulation was applied to the tendon of the right biceps brachii (starting point) and the participants were asked to press the button when a motor illusion was induced (ending point) ([Fig. 1](#rnn-35-rnn170771-g001){ref-type="fig"}). In order to allow sufficient time to pass between stimuli and to prevent the aftereffects of a motor illusion, the interval between each stimulus was set at 2 min.(2)Sensory stimulation conditions (hereinafter SS): A control condition was set for when sensory stimulation alone was applied, as cutaneous stimulation receptors such as the Meissner and Pacinian receptors are also ordinarily stimulated by epidermal stimulation of the tendons when applying vibratory stimulation ([@ref037]). Under this condition, as in the VS, the measurer grasped the forearm at the position of elbow flexion of 30° and vibration was applied to the skin on the medial side of the area of the muscle-tendon transition of the right biceps brachii using the same device and at the same frequency that was used for the VS ([@ref038]).(3)Button pressing condition (hereinafter BP): Because the activity associated with the button pressing movement was contained in the TII of the VS, in addition to the brain neural activity associated with the induction of motor illusions, it was set as a control condition. Under this condition, the measurer grasped the forearm at the position of elbow flexion of 30°, the button was pressed 10 times. The interval between each button pressing was set at 2 min, both in the VS and SS.

![The conditions of an experiment. Vibratory stimulation was applied to the tendon of the right biceps brachii and the participants were asked to press the button when a motor illusion was induced.](rnn-35-rnn170771-g001){#rnn-35-rnn170771-g001}

For each execution condition, each subject underwent three repetitions of VS, SS, and BP. The first measurement was performed in the order of (1) VS, (2) BP, and (3) SS to avoid (1) vibratory stimulation and (3) sensory stimulation from being applied consecutively, as vibration generated by the device was applied to the subject in both conditions, and each condition was spaced at a sufficient interval. The order of VS and SS was reversed for each subject.

2.2. Electroencephalography measurement {#sec0020}
---------------------------------------

Neurofax, manufactured by Nihon Koden Co., Ltd. (Tokyo, Japan), was used for EEG recording. Based on the International 10--20 system, recording electrodes were placed on 18 sites: F3, F4, F7, F8, Fz, C3, C4, Cz, P3, P4, Pz, O1, O2, Oz, T3, T4, T5, and T6 with the reference electrodes placed on bilateral earlobes. The band-pass filter was set at 0.5 to 60 Hz, and measurement was recorded at a sampling frequency of 1 kHz. For VS and SS data, we calculated the average values for 10 sets on the measured 10 s under each condition. For BP, we calculated the average values for 10 sets on the 10 s prior to pressing the button.

2.3. Identification of the brain area with the microstate segmentation method {#sec0025}
-----------------------------------------------------------------------------

Prior to the analysis, we orally asked the participants, "What kind of sensation was felt in the elbow?" when vibratory stimulation was applied. We collected the EEG data of the participants who were confirmed to have had motor illusions induced and Brain neural activity data in the TII were computed by subtracting the SS and BP from the VS to specify brain neural activity until the kinesthetic illusion was induced. After the data were computed, we performed temporo-spatial analysis on the brain neural activity leading to the induction of a motor illusion by performing microstate segmentation method-based sLORETA analysis, which captures the microstates reflecting the different stages of brain neural activity that takes place during information processing in the brain. We first computed the microstates by performing microstate segmentation method with a basic algorithm based on k-means clustering. The MI, SMA, premotor area (PMA), SI, and somatosensory association cortex have been implicated in motor illusion appearance in previous studies (Casini et al., [@ref038]); motor illusions may be induced by these areas becoming synchronously and coordinately active. We set the maximum number of microstates in this analysis at five based on the assumption that a motor illusion is induced when these brain areas become independently active. We, then, identified and computed the brain neural activity areas and neural activity levels in each of the computed microstates using sLORETA as current source density (CSD) (*μ*A/mm^2^). sLORETA computes the standard brain, which is standardized by the Talairach Daemon software ([@ref048]; [@ref028]) (<http://www.talairach.org/>) as coordinates in the directions of x, y, and z in the brain areas divided into 6239 voxels, and converts it into a three-dimensional image by performing curvilinear anatomical adjustments using nonlinear conversion. As a result, the brain neural activity areas for each task condition are computed as neural activity levels on each voxel and are identified as Brodmann areas (BA) and Montreal Neurological Institute (MNI) coordinates ([@ref008]).

2.4. Evaluation of the ability to generate motor imagery {#sec0030}
--------------------------------------------------------

In order to examine the association between brain neural activity leading to the induction of a motor illusion and the ability to generate motor imagery, we evaluated the ability to generate motor imagery prior to the tasks using the Japanese version of the Movement Imagery Questionnaire-Revised (JMIQ-R) ([@ref022]), which consists of a visual and a kinesthetic imagery scale. The visual and kinesthetic imagery scales of the JMIQ-R each comprise four items, a total of eight items (e.g., "Stand with your legs aligned and keep your arms down"). The result is calculated as the sum of scores for each item ranging from 8 to 56 points. The duration of the evaluation is short to avoid mental fatigue ([@ref022]).

2.5. Statistical analysis {#sec0035}
-------------------------

The associations among the neural activity peak value of the active neural areas in the brain identified by microstate segmentation method, the duration between the starting and ending point defined as the duration required for a motor illusion to be induced (TII), and the JMIQ-R were examined. Statistical processing was performed using Spearman's rank correlation analysis. The significance level was set at 5%.

3. Results {#sec0040}
==========

3.1. TII {#sec0045}
--------

All participants (average age: 21.3±1.8 years old) responded: "a sensation of the elbow stretching (extending)," "a sensation of movement in which the elbow is being stretched, unlike when sensory stimulation was applied," etc., thereby confirming the induction of a motor illusion. The average TII was 2.78±0.59 s ([Table 1](#rnn-35-rnn170771-t001){ref-type="table"}).

###### 

TII, CSD, and JMIQ-R results

  TII          CSD     JMIQ-R                                             
  --------- --------- --------- --------- --------- ---------- ---------- ----------
  2.8±0.6    3.3±0.4   2.9±0.7   3.2±0.4   3.2±0.5   21.0±2.7   22.2±2.4   43.2±5.1

TII: the time to illusion induction, CSD: current source density, JMIQ-R: Japanese version of the Movement Imagery Questionnaire-Revised, BA6: bilateral supplementary motor areas, BA4: primary motor cortex, BA45: ventrolateral prefrontal cortex (VLPFC), BA39: inferior parietal lobule (IPL).

3.2. Areas of neural activity and CSD in each microstate {#sec0050}
--------------------------------------------------------

Areas that showed predominantly high neural activity in each microstate ([Fig. 2](#rnn-35-rnn170771-g002){ref-type="fig"}) were the bilateral SMAs (BA6) in microstates 1 and 4, with the highest level of 3.3±0.4 exhibited by the left SMA in microstate 1; the MI (BA4) of the primary sensorimotor area in microstate 2, with the highest level of 2.9±0.7 exhibited by the left BA4; the bilateral somatosensory association cortices in microstate 3, with the left inferior parietal lobule (IPL) (BA39) showing the highest level of 3.2±0.5; and the right ventrolateral prefrontal cortex (VLPFC) (BA 45) showed the highest level of 3.2±0.4 in microstate 5 ([Table 1](#rnn-35-rnn170771-t001){ref-type="table"}). [Table 2](#rnn-35-rnn170771-t002){ref-type="table"} shows the MNI coordinates of the areas that exhibited predominantly high neural activity.

![Montreal Neurological Institute coordinates of neural activity areas at the time of motor illusion induction obtained by the microstate segmentation method. Areas with the highest neural activity are indicated in yellow. BA6 showed predominantly high neural activity in Microstates 1 and 4, BA4 in Microstate 2, BA39 in Microstate 3, and BA45 in Microstate 5. BA6: bilateral supplementary motor areas, BA4: primary motor cortex, BA45: ventrolateral prefrontal cortex (VLPFC), BA39: inferior parietal lobule (IPL).](rnn-35-rnn170771-g002){#rnn-35-rnn170771-g002}

###### 

MNI coordinates of neural activity areas at the time of motor illusion induction obtained by the microstate segmentation method

  Microstate   Lobe    Region     Gyrus                BA   MNI coordinate         
  ------------ ------- ---------- ------------------- ---- ---------------- ------ ----
  1            Left    Frontal    Superior Frontal     6         --5          30    60
  2            Right   Temporal   Superior Temporal    39         55         --60   25
  3            Left    Frontal    Precentral           4         --40        --15   55
  4            Left    Frontal    Middle Frontal       6         --5         --30   70
  5            Right   Frontal    Inferior Frontal     45         60          20    10

BA: Brodmann area, MNI: Montreal Neurological Institute.

3.3. JMIQ-R {#sec0055}
-----------

The average total score of JMIQ-R was 43.2±5.1 ([Table 1](#rnn-35-rnn170771-t001){ref-type="table"}). JMIQ-R scoring was shown to follow a normal distribution with the Shapiro-Wilk Test (*p* = 0.345). The maximum value was 52 points and the minimum was 37.

3.4. The associations amongst TII, neural activity level, and JMIQ-R {#sec0060}
--------------------------------------------------------------------

There was a significantly positive correlation between JMIQ-R scores and the neural activity levels of the SMA. On the other hand, there was no significant correlation between TII and JMIQ-R scores. Moreover, there were significant negative correlations between TII and SMA, and VLPFC, MI, and IPL. There were also significant positive correlations among the neural activity levels of each area ([Table 3](#rnn-35-rnn170771-t003){ref-type="table"}).

###### 

Pearson's product moment correlation coefficient

                       TII        BA6          BA4          BA45         BA39
  ------------------ -------- ------------ ------------ ------------ ------------
  JMIQ total score    --0.41    0.59^\*^       0.54         0.56         0.52
  TII                          --0.66^\*^   --0.60^\*^   --0.77^\*^   --0.78^\*^
  BA6                                        0.68^\*^     0.62^\*^     0.59^\*^
  BA4                                                     0.82^\*^     0.86^\*^
  BA10                                                                 0.88^\*^

TII: the time to illusion induction, JMIQ-R: Japanese version of the Movement Imagery Questionnaire-Revised, BA6: bilateral supplementary motor areas, BA4: primary motor cortex, BA45: ventrolateral prefrontal cortex (VLPFC), BA39: inferior parietal lobule (IPL), \*denotes a *p*-value \< 0.05.

4. Discussion {#sec0065}
=============

In this study, we examined the association between brain neural activity leading to the induction of a motor illusion caused by vibratory stimulation and the ability to generate motor imagery.

With regard to the brain areas identified by microstate segmentation method, predominant neural activity was observed in the MI. Previous studies have reported that SI, SMA, IPL, secondary sensory cortex (SII), PMA, and others, contralateral to the limb used, showed neural activity when identifying the direction of physical movement based on passive sensorimotor information ([@ref039]). Among them, the MI, which showed particularly high neural activity, is an important brain area involved in somatosensory perception, especially in processing kinesthetic information from the muscle spindles, and motion perception ([@ref033]). It is believed that the network of sensorimotor areas, including the SI that showed neural activity, is important in processing sensorimotor information from the muscle spindles ([@ref037]). It, therefore, suggests the possibility that motor illusions are induced by sensorimotor information caused by vibratory stimulation being distributed to and processed in the sensorimotor areas. Furthermore, these areas are the same with those that become active during upper limb motion such as tapping ([@ref047]). This indicates that the areas that become active when a motor illusion is induced share the same basis with areas of brain activity that become active during executing movement.

With respect to the neural activity in the SMA, it has been reported that both simple sensory processing and cognitive processes, such as the comparison with past perception experiences (kinesthetic simulation), judgement, and preparatory process, are involved when a motor illusion is induced; therefore, both the activity of the parietal lobe and the frontal lobe are indispensable ([@ref024]). We believe this is the reason activity was noted in this area when a motor illusion was induced. Furthermore, it has been found that the SMAs show a remarkably strong functional link between the bilateral hemispheres ([@ref020]), and there have also been reports on their functional link with the motor area ([@ref020]; [@ref031]); this may explain their bilateral activity. Although BA6, which includes the supplementary motor cortex, is an area that primarily shows high levels of neural activity when actual movements are performed, it also shows activity when one imagines performing a movement without actually performing it ([@ref036]). Furthermore, because BA6 is said to be involved in the identification ([@ref007]; van de Winckel et al., 2005) and integration ([@ref043]; [@ref050]) of sensorimotor information required for a motor illusion; we believe predominantly high neural activity was observed in this area when a motor illusion was induced by vibratory stimulation.

With regard to the predominant neural activity in the IPL, it has been reported activation in this area causes a strong desire to move the contralateral hand, arm, and foot ([@ref013]), and also that this area becomes predominantly active especially when executing first-person imagery, such as a muscle sensorimotor imagery. When inducing a motor illusion, it is important to predict the sensation and simulate in advance prior to imagining the physical movement. Both the SMA and IPL, in which neural activity was observed in this study, are said to be central areas involved in this simulation function ([@ref017]; [@ref035]). The IPL, in particular, is an important area for eliciting motor imagery of the hands ([@ref032]), and exchange of neural information preceded by IPL, which is involved in predicting the sensation of a movement result, is performed in every area of the brain, such as the SMA ([@ref013]). Furthermore, the IPL is said to play the role of processing modification information for the entire brain, in a sense, by temporally and spatially readjusting sensorimotor and efferent copy information for the body parts ([@ref032]), and being involved in inducing a motor illusion when it is continuously active ([@ref013]). We, therefore, believe neural activity in this area caused the manifestation of a motor illusion. Additionally, with regard to the fact that we observed bilateral neural activity despite only the right side being stimulated, it has been reported that there is increased bilateral neural activity when vibratory stimulation is applied ([@ref036]), and [@ref002] and Committeri et al. (2007) stated that it is highly probable that neural activity in the frontal and parietal areas of the right hemisphere may play an important role in mentally reproducing one's physical image, as the importance of the right hemisphere in physical image perception has been suggested on many occasions. We, therefore, believe that sensorimotor information of the vibratory stimulation caused activity via the bilateral functional link, although vibratory stimulation was only applied to the right upper limb.

Recent studies on motor illusions have shown that areas such as the right IPL and VLPFC that become active when a motor illusion is induced are linked by the superior longitudinal fasciculus III (SLF III), which connects the parietal and frontal areas ([@ref038]). The SLF III includes an area that constitutes the mirror neuron system and has the function of processing various sensory information to generate potential motor commands based on visual and somatosensory information ([@ref001]). These findings and the activity observed in the IPL suggest that the reason we observed neural activity in BA45 during motor illusion induction may be explained by the self-physical motor imagery expressed based on the sensory information of vibratory stimulation received by the proprioceptive receptors and perceived through the SLF III.

Regarding the fact that there was a significant positive correlation between the total scores of the JMIQ and the neural activity of BA6, the motor imagery represented by the JMIQ is said to be the result of consciously approaching the intention of performing movement or its content ([@ref026]). In other words, it can be said that the JMIQ evaluates the ability to simulate concrete movement plans towards the execution of the movement. The SMA is deeply involved both in the actual execution of movement and in spatial perception processing of sensorimotor information when one is experiencing a motor illusion ([@ref003]). It is, therefore, believed to also play an important role in the creation and storage of kinesthetic programs at the motion preparation stage. This suggests that the SMA is an area responsible for the ability to generate motor imagery when a motor illusion is induced and that there is an association between the activity of this area and the ability to generate imagery.

With regard to the significantly negative correlation of TII with the MI, SMA, and IPL, and the significantly positive correlation among the neural activity levels of each area, it is suggested that the processing of a motor illusion is shortened when these multiple brain areas become coordinately active. Assuming that there is an association between TII and the neural activity of the brain areas whose function is the exchange of neural information at the time of motor illusion induction, we believe TII may act as an indicator for the strength of the functional link of the neural network involved in the induction of motor illusions. Moreover, the fact that there was no significant correlation between TII and the total scores of the JMIQ suggests that internal kinesthetic simulation in motor imagery acts as a basis during the process of motor illusion induction, while both BA6 and the activity of a neuronal network that includes the motor area and inferior parietal lobule may be important for the manifestation of a motor illusion.

In this study, we demonstrated that neural activity of the brain areas responsible for sensation and movement is increased when a motor illusion is induced by vibratory stimulation and that there is an association between one of those areas, the SMA, and the ability to generate motor imagery. This suggests that a more vivid physical movement schema or sense of agency may be established in the brain by providing motor imagery intentionally and synchronously during the motor illusion induction process. This may aid in creating a new approach to neurorehabilitation that would enable a more robust reorganization of the neural base for patients with brain dysfunction with a motor function disorder.

However, the basic algorithm of the microstate segmentation method used in our analysis is based on cluster analysis with the k-means method. Thus, as a limitation to this study, there is a possibility that the patterns express the temporal aspect of the microstate switching. However, we did not discuss the temporal aspect since we did not perform pertinent analyses, such as effective connectivity analysis, to identify causality. Moreover, this study was conducted with healthy participants. Additionally, involvement of the cerebellum in data collection during sensorimotor information processing and during the information discrimination process has been reported ([@ref015]). We were, therefore, unable to verify the general neural network involved in neural information processing or the association between the ability to generate motor imagery and motor illusions in patients with brain dysfunction. In the future study, we believe it is important to verify the functional difference between a healthy person and a patient with brain dysfunction by examining in detail the neural network(s) of sensorimotor information in wider brain areas in patients with brain dysfunction based on the functional connectivity among activated areas to validate our proposed approach.
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